This paper concentrates on the power flow and transmission efficiency of a two-side motors driving transmission system used in tracked vehicle. Based on the theoretical analysis of tracked vehicle's steering process, the theory of bond graph was applied in the efficiency analyses due to the properties of energy conservation and power fluxion. A bond graph model of dual planetary platoon power coupling mechanism was established. The kinematic and the dynamic characteristics of all components and the constraints between components were obtained with the constraint conditions of turning radius and speed. According to the criterion of power flow, the power flows of the transmission system were got under six different driving conditions. Based on the power flows, the transmission efficiency was obtained by the calculation method of planetary gear train's meshing efficiency, which was proposed by this paper. The results show that by using the bond graph theory, we can get all the possible power flows of the transmission system and its corresponding transmission efficiency. This method is more systematic and universal than the traditional methods, especially suitable for complex multi-input and multi-output gear transmission system.
Introduction
In recent years, due to the invention and application of high performance generator and drive motor, and the maturity in electronic and control technologies, the electric development of the tracked vehicle has been greatly prompted. Compared with mechanical drive tracked vehicle, the electric driving tracked vehicle has following advantages: It can achieve steering in any steering radius; it has good performance in start, acceleration and climbing condition; it can also acquire low noise, strong concealment and flexible space layout (Sun and Zhang 2008) .
There are many kinds of structure forms of electric drive, the two-side motors driving system is the most concise one. During the steering process, a large amount of regenerative power may be generated in the inner track, and the power requirement in the outer track would increase dramatically, so measures should be taken to transfer the regenerative power from the inside to the outside. If the method of electric power return were used, the motor's power requirement may increase. Some scholars propose a power coupling mechanism, which can couple the two-side motors' power and then distribute them to the left and right tracks (Jia et al., 2015) . At the same time, during the steering process, the regenerative power can be transferred in the form of mechanical power from the inside to the outside, which can reduce power requirement in motor and improve the power utilization of the motor under various driving conditions. In this case, the key point is the design of coupling mechanism. Recently, some institutions (Gai and Huang, 2014) have some primary studies, but there is still no research on the power flow and transmission efficiency of this coupling mechanism.
The actual driving conditions of tracked vehicles are complex; besides, the coupling mechanism is a
Introduction of dual-motor drive transmission system
This paper studies on the dual-motor drive transmission system used in the tracked vehicle (Li et al., 2015) . As shown in Fig. 1 , the power of the motors from the both sides is coupled and then redistributed to the left and right tracks. Besides, during the steering process, the power of the inner track can be returned to the outer one in the form of mechanical power. The coupling mechanism is composed of two 2K-H planetary gear trains. As shown in Fig. 2 , the planet carrier in the first set is connected to the ring gear in the second set, while the planet carrier in the second set is connected to the ring gear in the first set. The two-input-two-output symmetrical coupling mechanism is formed, in which the two sun gears are the input side and the two planet carriers are the output side. In the steering process, there is a power return, and the power of the inner output side of the coupling mechanism is inverted. Meanwhile, the power of the input side may also be inverted.
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Steering analysis of tracked vehicle
In this paper, the driving cycles of the tracked vehicle including: pivot steering, single-side steering, steering (steering radius from 1.4m to 250m) and straight driving. During the stable steering process, the tracked vehicle's steering driving cycles are represented by the steering radius R and the vehicle speed v. The coupling mechanism's power flows have different directions in the steering process, which are caused by the different steering radius and vehicle speed. Besides, they can describe the steering process intuitively. The analysis reveals that the maximum rotational speed and torque which may reach at the output end of the coupling mechanism correspond to the maximum steering radius and vehicle speed of the tracked vehicle. At the same time, the maximum vehicle speeds which may reach under different steering radius associate not only to the tracked vehicle's structure parameters, but also to the motor's external characteristic and the road's adhesion condition.
Dynamic analysis of tracked vehicle
If the tracked vehicle's rolling motion and pitching motion are ignored, the force diagram of the tracked vehicle driving on a horizontal and homogeneous road is shown in Fig. 3 . Where L is the ground contact length, B is the distance between two tracks,  is the angle velocity, 
Restriction of driving force
When the tracked vehicle drives in different cycles (different steering radius and velocity), the required powers 
Restriction of ground adhesion
The analysis considers the road adhesion coefficient to make sure that the sideslip does not occur during the Jianjun Hu, Zhao, Han, Zhihua Hu and Zheng, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.2 (2018) steering process, so the vehicle speed cannot exceed the no-sideslip limiting value max = gR v
 is adhesion coefficient on road. Based on the analysis of tracked vehicle's kinematics and dynamics, combining with the driving motor's external characteristics and road adhesion conditions, the speed ranges of the vehicle which may reach under different steering radius can be obtained. As shown in Fig. 4 , the green area is the driving condition the tracked vehicle can achieve. Fig. 4 The maximum speeds the tracked vehicle can achieve under different steering radius
Power flow analysis

Bond graph representation of the coupling mechanism
In order to study the power flow and the transmission efficiency of the drive system, comprehensively and systematically, the theory of bond graph is applied in the efficiency analyses due to the properties of energy conservation and power fluxion. A bond graph model of dual planetary platoon power coupling mechanism is established.
To help understand the application of bond graph in the complex planetary gear train, the 2K-H planetary gear train is taken as an example to illustrate the bond graph modeling process (Tang, 2011) . This paper mainly focuses on the analysis of the coupling mechanism's power flow and transmission efficiency. The dynamic characteristics of the transmission system are not involved. Therefore, ignoring the inertia and stiffness of the components, a simplified bond graph model is established. As shown in Fig Between each knot 1, the Node 0 is inserted to indicate the anti-torque effect of the component. The converter TF is inserted so as to simulate the change of torque and rotational speed. The arrows indicating power direction are also added and all the bonds are numbered. In order to obtain the relationship of the rotational speed and torque between the three axes, the equations of all the nodes and the converters in the bond graph can be listed as follows: TF , which can be obtained by the converse method of the planet gear. The possible flow variables and potential variables at the output end of the coupling mechanism when the vehicle drives under different steering conditions are as followed:
Where， l i is the transmission ratio and z r is the equivalent radius of active wheel.
Power flow direction of the transmission system
The output speed and torque of the coupling mechanism can be represented by two variables: the steering radius and vehicle speed. From the bond graph model, the flow and potential in any bond can be represented by the output end, and then all the bonds' potential and flow represented by steering radius and vehicle can be obtained. Due to the limitation of space, this paper only gives the potential characteristics and flow characteristics of the bond 10, 12, 14 and 18 under different steering conditions.
Bond 10 represents the power transmitted by the planet carrier 1 H , whose potential characteristics and flow characteristics are shown in Fig. 7 and Fig. 8 . With the decrease of steering radius, the torque at the left output side of the coupling mechanism is changed from positive to negative.
Jianjun Fig. 7 The potential characteristics of Bond 10 Fig. 8 The flow characteristics of Bond 10
Bond 12 represents the power inputted by the sun gear 1 S , whose potential characteristics and flow characteristics are shown in Fig. 9 and Fig. 10 . With the decrease of steering radius, the rotate speed at the left input side is changed from positive to negative, and the torque remains positive. C , as shown in Fig. 11 and Fig. 12 . With the decrease of steering radius, the torque remains negative and the torque remains positive. Fig. 15 The conditions of the power changes As the figure above show, in the steering radius from 1.4m to 250m, the steering condition of the vehicle can be divided into three kinds according to the different power flow conditions, they are partial brake steering, partial drive steering and large radius steering. From the partial brake steering to the partial drive steering, the part where the power flow direction changes is the input end of the coupling mechanism 1 S . While from the partial drive steering to the large radius steering, the part where the power flow direction changes is the output end of the coupling mechanism 1 H .
When the S1 is changed at the input end of the coupling mechanism, it corresponds to the key 11 in the bond graph model. Through the previous analysis, it is known that the change on the S1 power flow is due to the change of the rotation direction on the S1. When f11=0, it is the critical position of the change of power flow. From bond graph theory, we can get such equation:
Without taking into account the track slip, the location of the S1 power flow at the input side of the coupling mechanism has nothing to do with the driving speed, which is only related to the steering radius. The critical turning From the analysis of the power flow directions under six driving cycles, it can be found that: there is a closed power flow in the nd 2 -th 5 driving cycles. In this paper, the influences of the closed power flow are that it may increase the force or torque in the planet carrier and the bearing of the planet gear. So attention should be paid while designing the planet carrier and the bearing of planet gear. In the th 5 driving cycle (straight-line driving cycle), because of the symmetry of the coupling mechanism and no autorotation of the planet gear, the whole coupling mechanism rotates in a constant velocity, there is no power flow within the mechanism; the efficiency of the coupling mechanism is 1 when the oil loss and bearing loss are not considered. There is closed power flow in the nd 2 -th 4 driving cycles, but the planet gear's transmission torque does not increase, whose size is decided by the input end of the mechanism. Therefore, the closed power flow has no effect on the meshing efficiency of the coupling mechanism.
Efficiency analysis
The power loss of the gear transmission is mainly the friction loss; beside, this mechanism is in the theoretical research stage, so the bearing's arrangement form and lubrication form may have great effect on the bearing loss and oil loss. This paper only calculates the transmission efficiency of the coupling mechanism while ignoring the bearing loss and oil loss. Based on the bond graph theory, a new calculation method of gear meshing efficiency is proposed, which aims at the multi-input-multi-output transmission system.
In gear transmission, the meshing loss of gear is mainly the torque loss, and transformation coefficients of the flow and potential in traditional bond graph is the same. So the meshing loss can be simulated by changing potential's transformation coefficient in the bond graph model. Assuming that m , e m are the transformation coefficients of the flow and potential respectively, equations can be obtained: In this paper, the power transmitted by the planetary gear train is the power transmitted in Bond 13-14-15-16 and Bond 23-24-25-26 in the bond graph model. There is no power transmitted in Bond 13-14-15-16 and Bond 23-24-25-26 when the vehicle drives in the straight-line cycle; meanwhile, there is no relative rotation within the coupling mechanism, hence, there is no meshing power loss. With the decrease of steering radius, the power transmitted in increase and the respective meshing power loss also increase. Zhao, Han, Zhihua Hu and Zheng, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.2 (2018) In order to simplify the calculation process, the external gear transmission efficiency is assumed as 1  . From the analysis of power flow, we know that when the tracked vehicle is steering, the power transmitted in Bond 13-14-15-16 (in the inner side of the coupling mechanism) has the opposite direction to the specified one, and the power direction in Bond 23-24-25-26 (in the external side of the coupling mechanism) is the same as the specified one. From the Eq. (9), the transmission efficiency can be obtained, as shown in Fig. 22 . From the Fig. 22 , we can get that the efficiency of the mechanism is quite high, mainly because the power transmitted by the gear meshing accounts for a small portion of the whole input power, the respective gear meshing loss is low, hence the transmission efficiency is high. Comparing the results obtained by the graph theory, we can find the results are relatively consistent which also validates the effectiveness of the bond graph theory for the efficiency analysis of the dual planetary coupling mechanism.
It need to note that under actual conditions, the bearing loss, oil loss and wind resistance loss (The gear rotates at high speed and makes the internal lubricating oil partially atomized, and the power consumption caused by fluid resistance in such a mixture of air and oil mist.) will have an impact on efficiency (Petryjohnson, 2007) . When gear works at medium or low speed, the power consumption of gear transmission system is mainly caused by meshing loss and oil loss, while the wind resistance loss is particularly obvious in high speed. In accurate calculation of transmission efficiency, oil loss and wind resistance loss can be obtained by empirical formula and the bearing efficiency depends on coefficient of bearing loss (Chen, 2013) . The detailed calculation of meshing loss and oil loss are as follows
The meshing power loss of the gear depends on the input power , friction coefficient and gear loss factor (Fernandes, 2015) . As shown in Eq. (10). = • • (10) Among them, the friction coefficient depends on the working conditions, geometric characteristics, gear dynamic viscosity, surface roughness and lubrication parameters. 
Jianjun Hu, Zhao, Han, Zhihua Hu and Zheng, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.2 (2018) For the gear loss factor , the load distribution of the elastic effect should be taken into account, which is calculated by the Ohlendorf formula:
In the formula, i represents the gear ratio, Z 1 represents the number of teeth of a small gear, ε a represents transverse contact ratio. ε 1 and ε 2 represents the tooth contact ratio of pinion and large gear. So we can get the calculation formula of gear meshing loss: = • (13) In general, the oil loss is less than the loss of meshing power, but it may also cause greater oil stirring and splash loss when used inappropriately. There are many factors affecting the oil loss, and the empirical formula is taken for approximate calculation. In Eq. (14), b represents the width of the gear immersed in oil, h is the depth of the gear immersed in oil, v represents the circumferential velocity of gear in oil and P means input power. In the latter study, a more in-depth study of this part will be researched and strive to be more in line with the actual situation.
Conclusion
The coupling mechanism is a complex planetary gear train of two-input and two-output, there will be power reflux in the steering process. The flow of power is quite complex, thus the unified method is necessary in the analysis of power flow. If the type of wheel system and the selection of the related parameters are improper, a part of the power may be only in the internal cycle of the gear trains. This closed power flow will increase the loss of power and reduce the efficiency of the coupling mechanism. For the conventional methods like graph theory and meshing power method, they are more complicated and low generality and it is not suitable for coupling mechanism. However, the bond graph theory can real express the characteristics of the transmission system and interconnections of the components. Through bond graph model, it can easily establish the state equation of the system and has good topology. What's more, it can easily get the speed relation and torque relation of each component in the system and analyze the power flow direction. The bond graph theory is used in the analysis of the power flow and efficiency of the transmission system, and the bond graph model of the power coupling mechanism is established. Based on the analysis of the tracked vehicle's steering process, the kinematics and dynamic characteristics of all the components and their constraints can be simulated under the constraint of steering radius and vehicle speed, which can be the theory reference to the design of coupling mechanism.
Aimed at the different steering conditions of the electric transmission tracked vehicle, the possible power flows are analyzed under six different driving conditions, as to be the basis for the accurate efficiency calculation, and also for the dynamic analysis under different driving cycle. By analyzing the power flow, we found that the coupling mechanism can achieve power return while steering, which satisfies the design requirement.
The approximate calculation of the planetary gear train's efficiency is proposed based on the bond graph model. After the analysis, we found that the efficiency is quite high in this coupling mechanism, the factor that affects the mechanism's efficiency is the steering radius.
The method used in this paper has good systematicness and topology, which can be the basis for the analysis of power flow and efficiency in other complex gear transmission system.
